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(57) [Abstract] 

[Object] To enable the achievement of high theinmal 
stability and a high exchange coupling magnetic field. 

[Solving Means] An exchange coupling film includes a 
ferromagnetic layer 3, and an antif erromagnetic layer 4 made 
of a MnPt alloy and formed adjacent to the ferromagnetic 
layer 3, wherein the ferromagnetic layer 3 has a fee 
structure with (111) orientation, and a laminated film of 
the antif erromagnetic layer 3 and the ferromagnetic layer 4 
is heat-treated for increasing an exchange coupling magnetic 
field. Since a (111) plane which is a closest-packed plane 
of the lattice of the ferromagnetic layer 3 is oriented at 
the interface with the antif erromagnetic layer 4, the 
antif erromagnetic order of the antif erromagnetic layer 4 is 
improved by heat treatment to increase the exchange coupling 
magnetic field. 




[Claims ] 

[Claim 1] An exchange coupling film comprising a 
ferromagnetic film, and an antif erromagnetic film formed 
adjacent to the ferromagnetic film so that the magnetization 
direction of the ferromagnetic film is pinned by exchange 
coupling between the ferromagnetic film and the 
ant if erromagne t ic film ; 

wherein the antif erromagnetic film is made of a MnPt 
alloy; 

the ferromagnetic film has a fee structure with (111) 
orientation ; and 

a laminated film of the antif erromagnetic film and the 
ferromagnetic film is heat-treated for increasing an 
exchange coupling magnetic field . 

[Claim 2] An exchange coupling film according to Claim 1, 
wherein the Pt composition ratio of the MnPt alloy 
constituting the antif erromagnetic film is 32 to 50 atomic % 
[Claim 3] A^ inethod_ of producing _an exjchange coupling f ilm- 
comprising a ferromagnetic film, and an antif erromagnetic 
film formed adjacent to the ferromagnetic film so that the 
magnetization direction of the ferromagnetic film is pinned 
by exchange coupling between the ferromagnetic film and the 
antif erromagnetic film, the method comprising: 

depositing the ferromagnetic film to have a fee 
structure with (111) orientation, depositing the 



antif erromagnetic film made of a MnPt alloy on the 
ferromagnetic layer, and heat-treating a laminated film of 
the ferromagnetic film and the antif erromagnetic film for 
increasing an exchange coupling magnetic field, 
[Claim 4] A method of producing an exchange coupling film 
according to Claim 3, further comprising forming an 
underlying film for improving the (111) orientation of the 
ferromagnetic film before deposing the ferromagnetic film 
having a fee structure with (111) orientation, and then 
forming the ferromagnetic film on the underlying film. 
[Claim 5] A magnetoresistive element comprising: 

an exchange coupling film according to Claim 1 or 2 , or 
an exchange coupling film produced by the method of 
producing an exchange coupling film according to Claim 3 or 
4; 

a metallic nonmagnetic layer formed adjacent to a 
ferromagnetic layer of the exchange coupling film, and a 
second ferromagnetic film f oi™ed_ad jacent to the -metallic - 
nonmagnetic layer so that the magnetization direction freely 
rotates ; 

wherein a magnetoresistive effect is exhibited 
according to the angle formed by the magnetization 
directions of the ferromagnetic film of the exchange 
coupling film and the second ferromagnetic film. 
[Detailed Description of the Invention] 
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[0001] 

[Technical Field of the Invention] The present invention 
relates to an exchange coupling film which is used for a 
magnetoresistive element used for a magnetic recording 
reproducing head or a magnetic sensor, and which has a 
structure comprising a lamination of a ferromagnetic film 
and an antif erromagnetic film, and a method of producing the 
exchange coupling film and a magnetoresistive element using 
the exchange coupling film. 
[0002] 

[Description of the Related Arts] In a magnetic recording 
apparatus such as a magnetic disk, a magnetic tape device, 
or the like, a magnetic head such as a recording head, a 
reproducing head or the like is required to have high 
performance with increases in the recording density of a 
medium and miniaturization thereof. 

[0003] Namely, a material having a high saturation magnetic 

flux densityis required for the recording, head with - ^ 

increases in the coercive force of a magnetic recording 
medium. On the other hand, development of a device which 
can realize high reproducing sensitivity is expected for the 
reproducing head with increases in the recording density of 
a medium. Although the reproducing head detects a leakage 
magnetic flux from the medium to reproduce a signal, the 
leakage magnetic flux from the medium decreases as the 



recording density of the medium increases. The reproducing 
head having high reproducing sensitivity can reproduce a 
signal with a small leakage magnetic flux. The reproducing 
sensitivity means the level of a voltage signal obtained 
with the same magnetic flux. 

[0004] The relative velocity of the reproducing head to the 
medium decreases with miniaturization of the medium, and 
thus a conventional induction type head in which reproduced 
output is proportional to the relative velocity is hard to 
use. Therefore, a MR (magnetoresistive effect) head 
utilizing a magnetoresistive effect which is not affected by 
the relative velocity is used. 

[0005] The MR head has higher reproducing sensitivity than 
the induction type head, and is suitable for a medium with a 
hither recording density. Conventional known materials 
exhibiting the magnetoresistive effect include magnetic thin 
films comprising a NiFe alloy, a NiCo alloy, and the like. 
[ 0006 ] The reproducing sensitivity „of _the MR -head increases- 
as the magnetic field sensitivity increases and the rate of 
change in resistance increases. Assuming that the 
resistance value with no external magnetic field is R^, and 
the resistance value with an external magnetic field is R^, 
the rate of change in resistance r is represented by the 
following equation : 

r = |Rh - Rol/Ro 



The rate of change in resistance of the NiFe alloy is about 
2 to 3%, and that of the NiCo alloy is about 6% at maximuin. 
[0007] The magnetoresistive effect is due to a spin orbit 
interaction, and the rate of change in resistance depends 
upon the angle formed by the direction of a measuring 
current and the magnetization direction of a magnetic thin 
film. Therefore, the magnetoresistive effect is referred to 
as an anisotropic magnetoresistive effect (AMR). 
[0008] In recent years, a phenomenon referred to as a giant 
magnetoresistive effect (GMR) in which the magnetoresistive 
effect is exhibited by a different expression mechanism from 
the AMR has been found, and has attracted attention. An 
example of a structure exhibiting GMR is an artificial 
lattice multilayer film comprising several tens layers 
including magnetic layers and nonmagnetic layers which are 
alternately laminated. In this artificial lattice 
multilayer film, scattering of conduction electrons when the 
magnetization directions of the magnetic layers provided on 
and below each of the nonmagnetic layers are antiparallel 
(180** different) is different from that when the 
magnetization directions are parallel, thereby exhibiting a 
change in resistance. 

[0009] With the low external magnetic field applied to the 
artificial lattice multilayer film, the magnetization 
directions of the magnetic layers are antiparallel to each 



other due to the exchange interaction between the magnetic 
layers. At this time, the resistance of the artificial 
lattice multilayer film is maximum. This is due to the fact 
that scattering of conduction electrons at each of the 
interfaces between the magnetic layers and the nonmagnetic 
layers is increased. On the other hand, when the external 
magnetic field applied to the artificial lattice multilayer 
film is increased to overcome the exchange interaction, the 
magnetization directions of the magnetic layers are parallel 
to each other in the direction of the external magnetic 
field, thereby decreasing the resistance value. This is due 
to the fact that with the magnetization directions of the 
magnetic layers oriented in parallel to each other, 
scattering of conduction electrons at the interfaces between 
the magnetic layers and the nonmagnetic layers is decreased. 
The rate of change in resistance of the artificial lattice 
multilayer film during the relative change of the 
magnetization directions_ of_ the magnetic, layers between the- 
antiparallel state and the parallel state is higher than the 
AMR by ten times or more. Particularly, with a Co/Cu 
multilayer film which is a material system exhibiting the 
maximum change in resistance at present , a rate of change in 
resistance of 60% or more is obtained at room temperature. 
[0010] Although a high rate of change in resistance can be 
obtained by such an artificial lattice multilayer film, an 



external magnetic field of several hundreds Oe to several 
KOe is required for making the magnetization directions of 
the magnetic layers parallel to each other. This is because 
the exchange interaction is used for realizing the 
antiparallel magnetization directions with no magnetic field 
to strongly couple the magnetic layers with each other, and 
thus the parallel magnetization directions must be realized 
by cutting off the exchange interaction. Therefore, with a 
weak external magnetic field, the resistance does not change 
and thus the artificial lattice multilayer film cannot be 
brought into practical use for a magnetic recording head 
because of its low magnetic field sensitivity. 
[0011] Therefore, a spin valve film which is a GMR film 
having high magnetic field sensitivity attracts attention. 
The spin valve film has the four-layer thin film structure, 
antif erromagnetic layer/ ferromagnetic layer /nonmagnetic 
layer /ferromagnetic layer. In the spin valve film, 
magnetization of the ferromagnetic layer in _co_ntact .with_ the 
antif erromagnetic layer is pinned in a direction by the 
exchange interaction with the antif erromagnetic layer. The 
magnetization direction of the other ferromagnetic layer 
which is separated from the ferromagnetic layer having the 
pinned magnetization direction by the nonmagnetic layer is 
not pinned to freely rotate with the external magnetic field 
By using a thin film of a NiFe alloy having high soft 
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magnetism for the ferromagnetic layer having the 
magnetization direction freely rotating, the magnetic field 
sensitivity can be improved to form a most practical 
structure at present . 

[0012] The film comprising the antif erromagnetic layer and 
the ferromagnetic layer having magnetization which is pinned 
by the exchange interaction with the antif erromagnetic layer 
is referred to as an "exchange coupling film" hereinafter. 
The ferromagnetic layer having the pinned magnetization 
direction is referred to as the "pinned layer" , and the 
ferromagnetic layer provided so that the magnetization 
direction freely rotates with the external magnetic field is 
referred to as the "free layer" . 

[0013] There are various reports of the antif erromagnetic 
layer of the above spin valve film, which pines the 
magnetization direction of the ferromagnetic layer, and 
Icnown excimples of antif erromagnetic materials include a FeMn 

alloy, NiO, and the lilce. _ . _ _ ^ - 

[0014] However, in use of the FeMn alloy, the exchange 
coupling magnetic field decreases with increases in 
temperature, and the exchange coupling magnetic field 
disappears at about 150" C. Namely, the FeMn alloy loses its 
antif erromagnetic property at about 150** C. This temperature 
is referred to as a "blocking temperature" (T^)- In this 
way, the FeMn alloy has a blocking temperature of as low as 



about 150** C, and the exchange coupling magnetic field 
decreases with increases in temperature. Therefore, in use 
of the exchange coupling film comprising the FeMn alloy for 
the magnetoresistive element, the operation temperature must 
be kept low. 

[0015] Furthermore, in the exchange coupling film 
comprising the FeMn alloy, the exchange coupling magnetic 
field is significantly decreased by a temperature rise- 
temperature drop process (heat history). Therefore, in 
manufacturing the magnetoresistive element by using the 
exchange coupling film comprising the FeMn alloy, the 
manufacturing process temperature must be controlled to a 
low temperature. This causes deterioration in structural 
reliability of the magnetoresistive element. Also, the FeMn 
alloy has low resistance to corrosion and is thus rapidly 
corroded in exposure to the air containing moisture to lose 
its initial function. 

L0_0161 On the other hand, NiO is an oxide, and thus has- 

excellent corrosion resistance. Also, the exchange coupling 
film comprising NiO has a high blocking temperature of 200*0 
higher than that of the FeMn alloy. However, the exchange 
coupling magnetic field is smaller than that of the FeMn 
alloy, and it significantly decreases at a temperature of 
about 100** C. Therefore, the use of the exchange coupling 
film of NiO for the magnetoresistive element has a problem. 



[0017] For the above-described reasons, it is difficult to 
manufacture the magnetoresistive element having excellent 
magnetic properties and structural reliability by using the 
exchange coupling film comprising the antif erromagnetic 
layer made of the FeMn alloy or NiO. 

[0018] Therefore, research has been carried out for 
obtaining an excellent exchange coupling film by using a Mn 
alloy as a material for the antif erromagnetic layer. 
Japanese Unexamined Patent Application Publication No. 6- 
314617 discloses an example in which 25 to 76 atomic % of Cu 
Ru, Rh, Re, Ag, Au, Or or Ir, 25 to 60 atomic % or 65 to 76 
atomic % of Pd or Pt is added to Mn for forming the 
antif erromagnetic layer to improve the corrosion resistance 
and thermal stability of the antif erromagnetic layer, and 
the antif erromagnetic layer and a ferromagnetic layer are 
laminated to form an exchange coupling film. 
[0019] 

[ Problems tp_ be ^ Solved„by the Invention ] _ However , -in - the 
exchange coupling film comprising the antif erromagnetic 
layer made of the material containing Mn and Cu, Ru, Rh, Re, 
Ag, Au, Or, Ir, Pd, Pt , or the like, the corrosion 
resistance is apparently improved as compared with the 
exchange coupling film using the FeMn alloy, but the 
exchange coupling magnetic field is as small as about 20 Oe 
at maximum. As described above, the magnetoresistive 



element comprises the ferromagnetic layer serving as the 
free layer in which the magnetization direction free rotates 
with the external magnetic field, the nonmagnetic layer, and 
the ferromagnetic layer serving as the pinned magnetic layer 
in which the magnetization direction is pinned in a 
direction, these layers being provided in this order, so 
that the magnetoresistive effect is produced according to 
the angle formed by the magnetization directions of the two 
ferromagnetic layers. Therefore, when the two ferromagnetic 
layers have the same magnetic properties, the magnetization 
directions of the two ferromagnetic layers simultaneously 
rotate with the external magnetic field to produce no angle 
in the magnetization directions of both layers, thereby 
failing to obtain the magnetoresistive effect. 
[0020] Therefore, the antif erromagnetic layer is laminated 
in contact with the ferromagnetic layer serving as the 
pinned layer so that the magnetization direction of the 
ferromagnetic layer„ is pinned in a direction by_the- exchange 
coupling magnetic field produced between the ferromagnetic 
layer and the antif erromagnetic layer to produce an angle 
between the magnetization directions of the pined layer and 
the free layer . 

[0021] Therefore, in the exchange coupling film disclosed 
in the above publication and having an exchange coupling 
magnetic field of as small as about 20 Oe at maximum, the 



magnetization direction of the pinned layer easily rotates 
with the external magnetic field to fail to stably obtain 
output from a signal magnetic field, thereby causing 
difficulties in application to the magnetoresistive element. 
[0022] 

[Means for Solving the Problems] In order to solve the 
above problems , in accordance with Claim 1 of the present 
invention, an exchange coupling film comprises a 
ferromagnetic film, and an antif erromagnetic film formed 
adjacent to the ferromagnetic film so that the magnetization 
direction of the ferromagnetic film is pinned by exchange 
coupling between the ferromagnetic film and the 
antif erromagnetic film, wherein the antif erromagnetic film 
is made of a MnPt alloy, the ferromagnetic film has a fee 
structure with (111) orientation, and a laminated film of 
the antif erromagnetic film and the ferromagnetic film is 
heat-treated for increasing an exchange coupling magnetic 

field. _ _ _ 

[0023] In accordance with Claim 3 of the present invention, 
a method of producing an exchange coupling film, which 
comprises a ferromagnetic film, and an antif erromagnetic 
film formed adjacent to the ferromagnetic film so that the 
magnetization direction of the ferromagnetic film is pinned 
by exchange coupling between the ferromagnetic film and the 
antif erromagnetic film, comprises depositing the 



ferromagnetic film to have a fee structure with (111) 
orientation, depositing the antif erromagnetic film made of a 
MnPt alloy on the ferromagnetic layer, and heat-treating a 
laminated film of the ferromagnetic film and the 
antif erromagnetic film for increasing an exchange coupling 
magnetic field. 

[0024] In the constructions of Claim 1 and 3, the 
ferromagnetic layer has the fee structure with (111) 
orientation. Since the closest -packed plane of the fee 
structure is the (111) plane, the ferromagnetic film has 
orientation in which atoms are most arranged in the 
interface with the antif erromagnetic film, and thus many 
atoms are exchange -coupled with Mn atoms of the 
ant if erromagnetic film . 

[0025] The heat treatment has the function to improve the 
magnetic order of the Mn atoms of the antif erromagnetic film. 
Namely, in the antif erromagnetic film before heat treatment, 
Mn atoms and -Pt_atoms are arranged disorderly. Therefore, 
the magnetization directions of the Mn atoms are disordered, 
and the Mn atoms are less exchange -coupled with the atoms of 
the ferromagnetic film. However, the heat treatment of the 
antif erromagnetic film in contact with the ferromagnetic 
film orders the crystal by rearrangement of the Mn atoms and 
Pt atoms due to thermal oscillation, thereby promoting 
antif erromagnetic ordering of the Mn atoms of the 



antif erromagnetic film. At the same time, the magnetic 
moments of the Mn atoms, which are randomly oriented to some 
extent, rotate due to thermal oscillation at the interface 
between the antif erromagnetic film and the ferromagnetic 
film, to be f erromagnetically coupled with the magnetic 
moments of the NiFe alloy. These two effects increase 
exchange coupling between the ferromagnetic film and the 
antif erromagnetic film . 

[0026] Therefore, in the exchange coupling film of the 
present invention, many Mn atoms of the antif erromagnetic 
film and many atoms of the ferromagnetic film are associated 
with exchange coupling to obtain a conventional exchange 
coupling magnetic field of 20 Oe or more, 

[0027] The composition ratio of Pt of the MnPt alloy which 
constitutes the antif erromagnetic film is preferably 32 to 
50 atomic %. This permits the achievement of a larger 
exchange coupling magnetic field than that obtained by an 
exchange coupling film using__a_FeMn alloys currently„brought 
into practical use. 

[0028] In the producing method, particularly, before 
deposition the ferromagnetic film having a fee structure 
with (111) orientation, an underlying film is preferably 
formed for improving the (111) orientation of the 
ferromagnetic film, the ferromagnetic film being formed on 
the underlying film. 



[0029] By forming the ferromagnetic film on the underlying 
film formed for improving the (111) orientation of the 
ferromagnetic film, the ferromagnetic film having the fee 
structure can be oriented in the (111) direction, and 
unnecessary reaction can be prevented from occurring between 
the substrate on which the ferromagnetic film is formed, and 
the ferromagnetic film during heat treatment. 

[0030] The ferromagnetic film of the exchange coupling film 
and the method of producing the same of the present 
invention is not limited as long as it has the fee crystal 
structure, and for example, a NiFe alloy, a FeCo alloy, and 
the like can be used. 

[0031] The underlying film of the exchange coupling film 
and the method of producing the same of the present 
invention is not limited as long as it can improve the 
orientation of the ferromagnetic film and prevent reaction 
between the ferromagnetic film and the substrate, and a Ta 
single layer film, a_ multilayer^ film containing -Ta, and— the 
like can be used. As the substrate, glass. Si, or the like 
can be used. Particularly, in use of the Si substrate. Si 
of the substrate reacts with the ferromagnetic film by heat 
treatment to easily cause the problem of losing 
magnetization of the ferromagnetic film. The above- 
described producing method is thus preferred. 

[0032] In accordance with Claim 5 of the present invention. 
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a magnetoresistive element comprises an exchange coupling 
film according to Claim 1 or 2, or an exchange coupling film 
produced by the method of producing an exchange coupling 
film according to Claim 3 or 4, a metallic nonmagnetic layer 
formed adjacent to a ferromagnetic layer of the exchange 
coupling film, and a second ferromagnetic film formed 
adjacent to the metallic nonmagnetic layer so that the 
magnetization direction freely rotates, wherein a 
magnetoresistive effect is exhibited according to the angle 
formed by the magnetization directions of the ferromagnetic 
film of the exchange coupling film and the second 
ferromagnetic film . 

[0033] In the magnetoresistive element, (111) orientation 
of the ferromagnetic layer is increased by an underlying 
layer through the ferromagnetic layer and the metallic 
nonmagnetic layer . 

[0G34] The magnetoresistive element comprises the exchange 

coupling_f ilm , and is _no_t _damaged_b_y„the „heat_history_ of 

heating and cooling in a manufacturing process. In a 
magnetic recording reproducing system into which the element 
is incorporated, there is no effect of the disturbance 
magnetic field applied to the element, an environmental 
change such as a change in atmospheric temperature, etc. 
Therefore, the magnetoresistive element has high reliability. 
[0035] As a result, the exchange coupling film of the 



present invention can be applied to a magnetoresistive 
element used in a magnetic recording reproducing head, a 
magnetic sensor, or the like. 
[0036] 

[Embodiment] An embodiment of the present invention will be 
described below with reference to Figs. 1 to 7. As shown in 
Fig. 1, an exchange coupling film of this embodiment 
comprises a ferromagnetic layer (ferromagnetic film) 3 
having a fee structure with (111) orientation, and an 
antif erromagnetic layer ( antif erromagnetic film) 4 made of a 
MnPt alloy, both of which are laminated in turn on a glass 
or Si substrate 1 with an underlying layer (underlying film) 
2 provided therebetween- The ferromagnetic layer 3 and the 
antif erromagnetic layer 4 are heat-treated at a 
predetermined temperature in order to increase an exchange 
coupling magnetic field in the laminated state. 
[0037] The ferromagnetic layer 3 comprises a ferromagnetic 
material having a fee struc^ture_ crystal structure with (111) 
orientation, and thus the exchange coupling magnetic field 
can be increased. Namely, the closest -packed plane of the 
fee structure is the (111) plane, and thus the ferromagnetic 
layer 3 has (111) orientation in which most of atoms are 
arranged in the interface with the antif erromagnetic layer 4 
thereby increasing the number of the atoms associated with 
interaction with the Mn atoms of the antif erromagnetic layer 
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4 . The material of the ferromagnetic layer 3 is not limited 
as long as it has the foe crystal structure, and a NiFe 
alloy, a CoFe alloy, and the like can be used. 
[0038] The antif erromagnetic layer 4 is made of a MnPt 
alloy and functions to pin the magnetization direction of 
the ferromagnetic layer 3 by the exchange coupling magnetic 
field produced between the antif erromagnetic layer 4 and the 
adjacent ferromagnetic layer 3, The underlying layer 2 is 
provided for improving orientation of the ferromagnetic 
layer 3 having the fee structure in the (111) direction, and 
is not limited as long as it improves orientation of the 
ferromagnetic layer 3 having the fee structure in the (111) 
direction. A Ta single layer film, and a multilayer film 
containing Ta can be used. 

[0039] It was confirmed by experiment that deposition of 
the NiFe alloy on a crystalline substrate easily causes 
(111) orientation, while deposition on an amorphous 
substrate_ causes no orientation It is also_ thought that 
deposition of the NiFe alloy on a Ta base having 
substantially the same lattice constant as the NiFe alloy 
causes high (111) orientation. 

[0040] The underlying layer 2 also has the function to 
prevent reaction between the substrate 1 and the 
ferromagnetic layer 3 during the heat treatment. 
[0041] The heat treatment performed after the ferromagnetic 



layer 3 and the antif erromagnetic layer 4 are laminated has 
the function to improve magnetic order of the Mn atoms of 
the antif erromagnetic layer 4. Namely, in the 
antif erromagnetic layer 4 before the heat treatment, the Mn 
atoms and Pt atoms are disorderly arranged, and thus the 
magnetization directions of the Mn atoms are also disordered, 
thereby decreasing the number of the Mn atoms associated 
with exchange coupling with the atoms of the ferromagnetic 
layer 3. However, heat treatment of the antif erromagnetic 
layer 4 in contact with the ferromagnetic layer 3 orders the 
crystal structure of the antif erromagnetic layer 4 due to 
thermal oscillation, thereby promoting antif erromagnetic 
ordering of the Mn atoms. At the same time, the magnetic 
moments of the Mn atoms, which are randomly oriented to some 
extent, rotate due to thermal oscillation at the interface 
between the antif erromagnetic film 4 and the ferromagnetic 
film 3, to be f erromagnetically coupled with the magnetic 

moment^ of the NiFe alloy. _The.se two_, effects increase 

exchange coupling between the ferromagnetic film 3 and the 
antif erromagnetic film 4. 

[0042] Although the heat treatment temperature may be a 
temperature at which the exchange coupling magnetic field is 
improved, the exchange coupling magnetic field of the 
laminated film of the ferromagnetic layer 3 having (111) 
orientation and the antif erromagnetic layer 4 made of the 



MnPt alloy increases at a temperature of about 200** C or more 
The exchange coupling magnetic field increases as the 
treatment temperature increases, but the upper limit of the 
treatment temperature must be set in consideration of the 
problems of deterioration in the magnetic properties of the 
ferromagnetic layer 3, and diffusion of the atoms at the 
interface between the antif erromagnetic layer 4 and the 
ferromagnetic layer 3, which are caused by increasing the 
temperature. With the exchange coupling film having the 
above -described structure, a conventional exchange coupling 
magnetic field of 20 Oe or more can be obtained. 
[0043] Furthermore, the blocking temperature is higher than 
the blocking temperatures (150** C and 200^ C) of conventional 
exchange coupling films comprising the antif erromagnetic 
layers 4 respectively made of the FeMn alloy and NiO, 
exhibiting high thermal stability. 

[0044] The Pt composition ratio of the MnPt alloy is 

pref erably^_32 to_5,0_ atomic„%_._ With such_a_composition_ratio 

a larger exchange coupling magnetic field can be obtained, 
as compared with the exchange coupling magnetic field 
obtained with an exchange coupling film made of FeMn 
currently brought into practical use. For example, when the 
Pt composition ratio of the MnPt alloy of the 
antif erromagnetic layer 4 is set in the above range, an 
exchange coupling magnetic field of 50 Oe or more and 330 Oe 



or more at 200** C and 270* C, respectively. 

[0045] Although the thickness of the antif erromagnetic 

layer 4 is not limited as long as it exhibits the 

antif erromagnetic property, the thickness is preferably as 

large as possible in order to obtain a high exchange 

coupling magnetic field, 

[0046] By using the construction of the above exchange 
coupling film, a magnetoresistive element can be obtained, 
in which a second ferromagnetic layer (second ferromagnetic 
film) 11 serving as a free layer in which the magnetization 
direction freely rotates, and a metallic nonmagnetic layer 
12 are formed in turn on a substrate 1 with an underlying 
layer 2 provided therebetween, the ferromagnetic layer 3 of 
the above exchange coupling film is formed as the pinned 
layer on the nonmagnetic layer 12, and an antif erromagnetic 
layer 4 and a protecting layer 13 are formed in turn on the 
ferromagnetic layer 3. Then, heat treatment is performed at 
a predetermined, temperature sq^ that the_ magnetoresistive 
effect can be exhibited according to the angle formed by the 
magnetization directions of the second ferromagnetic layer 
11 and the ferromagnetic layer 3, In this magnetoresistive 
element, the (111) orientation of the ferromagnetic layer 3 
is increased by the underlying layer 2 through the second 
ferromagnetic layer 11 and the metallic nonmagnetic layer 12 
[0047] The thus-obtained magnetoresistive element is not 



damaged by the heat history of heating and cooling in the 
manufacturing process, and not affected by the disturbance 
magnetic field applied to the element and an environmental 
change such as a change in atmospheric temperature in a 
magnetic recording reproducing system in which the element 
is incorporated, thereby obtaining high reliability. 
[0048] Examples of this embodiment will be described below. 
[0049] (Example 1) A first example of the present invention 
will be described with reference to Figs. 1 to 3 . Samples 
#1 and #2 and Comparative samples #1 and #2 of exchange 
coupling films used in this example are described below with 
reference to Fig. 1. 

[0050] Sample #1 was formed by laminating an underling 
layer 2 of Ta, a ferromagnetic layer 3 made of a NiFe alloy, 
and an antif erromagnetic layer 4 made of a MnPt alloy having 
a Pt composition ratio of 48 atomic % on a glass substrate 1. 
[0051] Comparative Sample #1 was formed by laminating a 
ferromagnetic layer 3 made of a NiFe alloy and, an 
antif erromagnetic layer 4 made of a MnPt alloy having a Pt 
composition ratio of 48 atomic % on a glass substrate 1 
without using an underling layer 2 . 

[0052] Sample #2 was formed by laminating an underling 
layer 2 of Ta, a ferromagnetic layer 3 made of a NiFe alloy, 
and an antif erromagnetic layer 4 made of a MnPt alloy having 
a Pt composition ratio of 48 atomic % on a Si substrate 1. 



[0053] Comparative Sample #2 was formed by laminating a 
ferromagnetic layer 3 made of a NiFe alloy, and an 
antif erromagnetic layer 4 made of a MnPt alloy having a Pt 
composition ratio of 48 atomic % on a Si substrate 1 without 
using an underling layer 2. 

[0054] The layers 2 to 4 of Samples #1 and #2 and the 
layers 3 and 4 of Comparative Samples #1 and #2 were 
deposited by using a deposition apparatus under the same 
vacuum after evacuation to 4 x 10"*^ Torr or less. The 
thickness of each of the layers 2 to 4 was the same in 
Samples #1 and #2 and Comparative Samples #1 and #2. 
[0055] The sputtering conditions of each of the layers 2 to 
4 were as follows. The underlying layer 2 and the 
antif erromagnetic layer 4 were deposited to a predetermined 
thickness by a DC magnetron sputtering process under the 
conditions including an Ar pressure of 5 mTorr, and a power 
of 641 mW/cm^. The antif erromagnetic layer 3 was deposited 
to a predetermined thickness by a RF conventionalsputtering 
process under the conditions including an Ar pressure of 5 
mTorr, a power of 130 mW/cm^, and a substrate bias of +50 V. 
[0056] Each of Samples #1 and #2 and Comparative Samples #1 
and #2 was heat-treated at a temperature of 270** C under a 
vacuum with a magnetic field of 300 Oe applied thereto, and 
then subjected to measurement of magnetization and X-ray 
diffraction (XRD) . Figs. 2(a) and (c) show the data of 



magnetization measurement of Samples #1 and #2, and Figs. 
3(a) and (c) show the XRD results of Samples #1 and #2, 
respectively. Figs. 2(b) and (d) show the data of 
magnetization measurement of Comparative Samples #1 and #2, 
and Figs. 3(b) and (d) show the XRD results of Comparative 
Samples #1 and #2, respectively- Although not shown in the 
figures. Samples #1 and #2 and Comparative Samples #1 and #2 
showed no exchange coupling magnetic field before heat 
treatment . 

[0057] As shown in Figs. 2(a) to (c), a shift due to 
exchange coupling is observed in a magnetization curve of 
each of Samples #1 and #2 and Comparative Sample #1. This 
indicates that an exchange coupling magnetic field (Hex) 
occurs, while the exchange coupling magnetic field was not 
observed before heat treatment- Particularly, in Samples #1 
and #2 each comprising the underlying layer 2, the shift is 
significant. In Comparative Sample #2, a flat magnetization 
curve is obtained, showing disappearance of magnetization. — 
In this measurement, the amount of sift from zero magnetic 
field in a magnetization curve was considered as an exchange 
coupling magnetic field. 

[0058] As shown in Figs. 3(a), (b) and (d), in Samples #1 
and #2 and Comparative Sample #2, a (111) pealc of the NiFe 
alloy appears, showing (111) orientation of the 
ferromagnetic layer 3. On the other hand, in Comparative 



Sample #1, as shown in Fig. 3(b), only a weak (111) peak of 
the MnPt alloy is observed, and a (111) peak of the NiFe 

alloy is not observed, showing no (111) orientation of the 

ferromagnetic layer 3, These results are summarized in 
Table 1 , 
[0059] 
[Table 1] 



Sample 


Substrate 


Underlying 
layer 


Exchange 
coupling 
magnetic field 
(Oe) 


(111) peak 
intensity of 
NiFe alloy 
(IPS) 


Sample #1 


Glass 


Ta 


340 


200 


Comparative 
Sample #1 


Glass 


No 


82 


0 


Sample #2 


Si 


Ta 


200 


120 


Compar at ive 
Sample #2 


Si 


No 


0 


100 



[0060] The results indicate that in Samples #1 and #2, the 
ferromagnetic layer 3 has (111) orientation, and thus a high 
exchange coupling Inagnetic field is obtained. The possible 
reason why Comparative Sample #1 has a low exchange coupling 
magnetic field is that the ferromagnetic layer 3 has no 
(111) orientation due to the absence of the underlying layer 
2. 

[0061] On the other hand, in Comparative Sample #2, the 
ferromagnetic layer 3 has (111) orientation, but the 
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magnetization curve becomes flat, showing disappearance of 
magnetization of the ferromagnetic layer 3. This Is 
possibly due to the fact that SI of the substrate 1 reacts 
with the NlFe alloy of the ferromagnetic layer 3 to lose 
magnetization of the NlFe alloy, 

[0062] Therefore, the underlying layer 2 Is said to 
function to cause (ill) orientation of the ferromagnetic 
layer 3 made of the NlFe alloy, and function as an antl- 
dlffuslon layer for preventing reaction between the Si 
substrate 1 and the ferromagnetic layer 3 of the NiFe alloy . 
[0063] It can thus be said that as in Samples #1 and #2, an 
exchange coupling film having a high exchange coupling 
magnetic field can be obtained by depositing an underlying 
layer of Ta. 

[0064] (Example 2) A second example of the present 
Invention will be described below with reference to Figs . 1 
and 4. An exchange coupling film used in this example 
comprised an underlying layer_ 2 made of Ta of 200 A, a_ _ 
ferromagnetic layer 3 made of a NlFe alloy of 100 A, and an 
antlf erromagnetlc layer 4 made of a MnPt alloy of 200 A, 
which were laminated on a glass substrate 1 as shown in Fig. 
1. In this example, the Pt composition ratio of the MnPt 
alloy constituting the antlf erromagnetlc layer 4 was changed 
to various values in the range of 32 to 50 atomic %, The 
deposition conditions of each of the layers 2 to 4 were the 



same as Example 1 . 

[0065] Each of the exchange coupling film was heat-treated 
at each of temperatures of 200** C, 230** C, 250** C and 270** C in 
a magnetic field of 300 Oe under a vacuum for 12 hours to 
measure an exchange coupling magnetic field. The results 
are shown in Fig. 4. Fig. 4 shows the tendency that the Pt 
composition ratio at the maximum exchange coupling magnetic 
field decreases as the heat treatment temperature increases, 
and the maximum value increases as the heat treatment 
temperature increases . 

[0066] Fig. 4 indicates that with an exchange coupling film 
comprising the antif erromagnetic layer 4 having a Pt 
composition ratio of 45 to 48 atomic %, a high exchange 
coupling magnetic field equivalent to that of an exchange 
coupling film comprising an antif erromagnetic layer of a 
FeMn alloy can be obtained even when the heat treatment 
temperature is relatively as low as 200* C, and that a high 

exchange coupling_ magnet ic_field of about 170 to_200-Oe can 

be obtained with a heat treatment temperature of 230* C. 
[0067] With heat treatment at 250** C or more, an exchange 
coupling magnetic field is obtained within a wide 
composition range of the antif erromagnetic layer 4 in which 
the Pt composition ratio is 32 to 50 atomic %. Particularly, 
a high exchange coupling magnetic field can be obtained in 
the composition range of 45 to 48 atomic %. 
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[0068] (Example 3) A third example of the present invention 
will be described below with reference to Figs, 1 and 5. An 
exchange coupling film used in this example comprised an 
underlying layer 2 made of Ta of 200 A, a ferromagnetic 
layer 3 made of a NiFe alloy of 100 A, and an 
antif erromagnetic layer 4 made of a MnPt alloy of 1000 A, 
which were laminated on a glass substrate 1 as shown in Fig, 
1. In this example, the Pt composition ratio of the MnPt 
alloy constituting the antif erromagnetic layer 4 was changed 
to various values in the range of 32 to 50 atomic %. The 
deposition conditions of each of the layers 2 to 4 were the 
same as Example 1 . 

[0069] Each of the exchange coupling film was heat-treated 
at each of temperatures of 200° C, 230** C, 250** C and 270** C in 
a magnetic field of 300 Oe under a vacuum for 12 hours to 
measure an exchange coupling magnetic field. The results 
are shown in Fig. 5. 

[QQ_7Q_] Each jDfL the exchange coupling f ilms_ has the .tendency 
that the exchange coupling magnetic field highly depends 
upon the Pt composition ratio, and a sharp peak is observed 
near 48 atomic %. Therefore, the Pt composition region in 
which a high exchange coupling magnetic field is obtained is 
narrower than those of the exchange coupling films shown in 
Example 2. However, the maximum exchange coupling magnetic 
field at Pt 48 atomic % is a high value, and particularly, a 



high exchange coupling magnetic field is obtained even with 
a low heat treatment temperature. 

[0071] As described above a higher exchange coupling 
magnetic field can be obtained by increasing the thickness 
of the antif erromagnetic layer 4 . 

[0072] (Example 4) A fourth example of the present 
invention will be described below with reference to Figs . 1 
and 6 . This example is an example of measurement of the 
blocking temperature of an exchange coupling film of the 
present invention. An exchange coupling film used in this 
example comprised an underlying layer 2 made of Ta of 200 A, 
a ferromagnetic layer 3 made of a NiFe alloy of 100 A , and 
an antif erromagnetic layer 4 made of a MnPt alloy of 1000 A 
having a Pt composition ratio of 48 atomic %, which were 
laminated on a glass substrate 1 as shown in Fig. 1. The 
deposition conditions of each of the layers 2 to 4 were the 
same as Example 1 . 

r0073] Each _of the exchange coupling film _was heat-treated 
at a temperatures of 270** C in an external magnetic field of 
300 Oe under a vacuum, and the dependency of an exchange 
coupling magnetic field on atmospheric temperature was 
measured in an atmosphere in which the temperature was 
increased to 350** C. The results are shown in Fig. 6, 
[0074] The exchange coupling magnetic field increases up to 
130" C, and decreases from 200* C. The exchange coupling 



magnetic field decreases monotonously as the temperature 
further increases, and then disappears at 350** C. Namely, 
the blocking temperature of the exchange coupling film is 
350** C. 

[0075] In consideration of the blocking temperatures of 
150* C and 200* C of conventional exchange coupling films 
respectively comprising ferromagnetic layers made of a FeMn 
alloy and NiO, the exchange coupling film of the present 
invention is found to exhibit high thermal stability. 
[0076] In this example, the Pt composition ratio of the 
antif erromagnetic layer 4 of the exchange coupling film was 
changed to various values in the range of 32 to 50 atomic %, 
and the heat treatment temperature was changed to various 
values in the range of 200* C to 270** C to measure the 
dependency of the exchange coupling magnetic field on 
atmospheric temperature in the same manner as described 
above. As a result, it was confirmed that the exchange 

coupling f^ilms have high_ blocking , temperatures Also-,- as-a- 

result of the same measurement as described above with the 
antif erromagnetic layer 4 having a thickness of 200 A, it 
was confirmed that the exchange coupling films have high 
blocking temperatures . 

[0077] (Example 5) A fifth example of the present invention 
will be described below with reference to Fig. 7. A 
magnetoresistive element was manufactured by using an 



exchange coupling film comprising a antif erromagnetic layer 
4 made of a MnPt alloy having a Pt composition ratio of 47 
atomic % at which a sufficient exchange coupling magnetic 
field was obtained in Example 2. 

[0078] The magnetoresistive element comprised an underlying 
layer 2 made of Ta of 50 A, a second ferromagnetic layer 11 
made of a NiFe alloy of 100 A, a metallic nonmagnetic layer 
12 made of Cu of 20 A, a ferromagnetic layer 3 made of a 
NIFe alloy of 100 A, an antif erromagnetic layer 4 made of a 
MnPt alloy of 200 A having a Pt composition ratio of 47 
atomic %, and a protecting layer 13 made of Ta of 200 A, 
which were laminated in turn on a glass substrate 1 in a 
magnetic field, as shown in Fig. 7. After deposition, heat 
treatment was performed at 250** C for 12 hours in a vacuum 
with a magnetic field of 300 Oe applied. 

[0079] As a result of measurement of the magnetoresistive 
effect of the thus -obtained magnetoresistive element with an 
external magnetic field applied thereto, good values_ of _a 
rate of change in resistance of 4.5% and a magnetic field 
sensitivity of 0.7 %/Oe were obtained. 

[0080] As described above, by using an exchange coupling 
film of the present invention, a magnetoresistive element 
exhibiting an excellent rate of change in resistance and 
magnetic field sensitivity can be manufactured. 
[0081] 



[Advantages] As described above, an exchange coupling film 
according to Claim 1 of the present invention comprises the 
antif erromagnetic film made of a MnPt alloy, and the 
ferromagnetic film having a fee structure with (111) 
orientation, wherein a laminated film of the 
antif erromagnetic film and the ferromagnetic film is heat- 
treated for increasing an exchange coupling magnetic field. 
[0082] Therefore, many Mn atoms of the antif erromagnetic 
layer and many atoms of the ferromagnetic layer are 
associated with exchange coupling, exhibiting the effect of 
obtaining an exchange coupling magnetic field of 20 Oe or 
more . 

[0083] In an exchange coupling film according to Claim 2, 
the Pt composition ratio of the MnPt alloy constituting the 
antif erromagnetic film in the construction of Claim 1 is 32 
to 50 atomic % . 

[0084] Therefore, the exchange coupling film exhibits the 
effect of obtaining a larger exchange coupling magnetic^ _ 
field than that obtained by an exchange coupling film using 
a FeMn alloy currently brought into practical use, 
[0085] A method of producing an exchange coupling film 
according to Claim 3 comprises depositing a ferromagnetic 
film having a fee structure with (111) orientation, 
depositing an antif erromagnetic film made of a MnPt alloy, 
and then heat-treating a laminated film of the ferromagnetic 



film and the antif erromagnetic film in order to increase an 
exchange coupling magnetic field. 

[0086] Therefore, many Mn atoms of the antif erromagnetic 
layer and many atoms of the ferromagnetic layer are 
associated with exchange coupling, exhibiting the effect of 
obtaining an exchange coupling film having an exchange 
coupling magnetic field of 20 Oe or more. 

[0087] In a method of producing an exchange coupling film 
according to Claim 4 , the construction of Claim 3 further 
comprises forming an underlying film for increasing 
orientation of the ferromagnetic film in the (111) direction 
before depositing the ferromagnetic film having a fee 
structure with (111) orientation, and then forming the 
ferromagnetic layer on the underlying film. 
[0088] Therefore, the method exhibits the effect of 
orienting the ferromagnetic film having a fee structure in 
the (111) direction, and preventing unnecessary reaction 

between a sjiibsjtrate on which the_f erromagnetic f ilm_is 

formed, and the ferromagnetic film during heat treatment. 
[0089] A magnetoresistive element according to Claim 5 
comprises an exchange coupling film according to Claim 1 or 
2, or an exchange coupling film produced by the method of 
producing an exchange coupling film according to Claim 3 or 
4, a metallic nonmagnetic layer formed adjacent to the 
ferromagnetic film of the exchange coupling film, and a 
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second ferromagnetic film formed adjacent to the metallic 
nonmagnetic layer so that the magnetization direction 
thereof freely rotates, wherein a magnetoresistive effect is 
exhibited according to the angle formed by the magnetization 
directions of the ferromagnetic film and the second 
ferromagnetic film. 

[0090] There is thus the effect of obtaining a 
magnetoresistive element which is not damaged by the heat 
history of heating and cooling in the manufacturing process. 
In a magnetic recording reproducing system in which the 
element is incorporated, the element is not affected by the 
external magnetic field applied thereto, and an 
environmental change such as a change in atmospheric 
temperature. Therefore, a magnetoresistive element having 
high reliability can be obtained, 
[Brief Description of the Drawings] 

[Fig. 1] Fig. 1 is a drawing showing the film structure of 
an _exchange_ coupling _f ilm_according_to_ an__embodiment__of_the_- 
present invention . 

[Fig. 2] Figs. 2(a) and (c) are graphs showing 
magnetization curves of exchange coupling films of Samples 
#1 and #2, respectively, and Figs. 2(b) and (d) are graphs 
showing magnetization curves of exchange coupling films of 
Comparative Samples #1 and #2, respectively. 

[Fig. 3] Figs. 3(a) and (c) are charts showing the results 



of x-ray diffraction measurement of exchange coupling films 
of Samples #1 and #2, respectively, and Figs. 3(b) and (d) 
are charts showing the results of X-ray diffraction 
measurement of exchange coupling films of Comparative 
Samples #1 and #2, respectively. 

[Fig. 4] Fig, 4 is a graph showing the Pt composition ratio 
dependency of the exchange coupling magnetic field of an 
exchange coupling film using an antif erromagnetic layer 
having a thickness of 200 A. 

[Fig. 5] Fig. 5 is a graph showing the Pt composition ratio 
dependency of the exchange coupling magnetic field of an 
exchange coupling film using an antif erromagnetic layer 
having a thickness of 1000 A. 

[Fig. 6] Fig. 6 is a graph showing the dependency of the 
exchange coupling magnetic field of the exchange coupling 
film on atmospheric temperature, 

[Fig, 7] Fig. 7 is a drawing showing the construction of a 
magnetoresistive element using the exchange coupling film. 
[ Reference Numerals ] 

1 substrate 

2 underlying layer (underlying film) 

3 ferromagnetic layer (ferromagnetic film) 

4 antif erromagnetic layer ( antif erromagnetic film) 

11 second ferromagnetic layer (second ferromagnetic film) 

12 metallic nonmagnetic layer 
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t\z^\-yimm^^mn^ i^^m^^t- f c cmmx^th 

^mzm^^f\.fi^^^i^^ mx,^N i F e-B-^. FeCo 

[ 0 0 3 1 ] ^tL. ^^m<o^^f^^mt^<Dm:m:^m 

#t;is i S^S^^v^^^g-^. J^^OiSlc J:o-cS«(0 s i 

(0 0 3 21 :^^m^m:^m 5 i;iiaife<!D«s^s^^:^3^ 

3 W: 4 tcia® co3^^j^-^iKco©3g^&tc J: o -C®5t$ 

^ ^® tt^ u T (asi-fb o ^ rsi g * [H] 5 m 
[0 0 3 3] jiiaco X o fi.m.^^^^^^^x\x^ m& 

®mj;oT^co (1 1 1) @afR]$rifi5i6 ^tbTV>ao 
50 [0 0 3 4 ] r ro(K^S^^;^5?f^tt_hfacD^S^^J^-^flg 
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;D p $ tt 2. ^ SL IK ^ ^ ^ ^ <7) ^ (0 ^ < k t c ^ # ^ tb s r. 

[ 0 0 3 5 ] cicoi^:^. ^mm(DS^^f^^mrt. a^ia 

[ 0 0 3 6 ] 

^J|g) 2$r^UT. f c c^itt? (1 1 1 ) iaifil^tLT 

[ 0 0 3 7 ] ±m^m^^m 3 ^^^m^^^it^ f c c 
^ikxih^^mi^i^t^h^r) . (1 1 i) isr^G^t^-cvNS 

c cm^^(o^^mn (1 1 1) ©t^&sircje). (i 1 
1) mmt-r^^tx. ^m^i^msn. ^^^^i^m 
4 t(D^mKMLh^<mi^ft^m^ii^x\^^^mm\^ts: t) . 

355 f c cm^^xih^^m^^x^thtf. i^\cm^^ti^ 

h<OXnfj:\f^ii^. NiFe^^^. CoFe^^^t^m 
[0 0 3 8 } ^^m^i$^M 4 a. Mn P t ^^t^hfS: 

-e. f c c^itJ£rjto^a^4^^3(0 (111) 
<Dm[^i^t:^it^h<ox:hfht^i^\zf^m^th^\^^i>^, T 

[ 0 0 3 9 ] Jfc ^®^&<JtC«:. N i F e -g-^fii^^K 

<om^±}c^ss^'rtht:i (111) ffir6iu^-r<. 

T a O i p t . NiFe-^^eO 
(1 1 1) ^I6li5^< ^^x^^^TV^5o 
[ 0 0 4 0 ] ^fc, C:(OT^^2«:. Jifa^^^^^aso^ 

[ 0 0 4 1 ] ^m^^m 3 s^ffiE^^ 4 t ^mm u 
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S^^agu<^S^m<4^^ 4 -eti. Mnil^i: P't i^^i 

^i^m^^\cti:<>x^y) . SfeflSii^Ji 3 cDJE^t^^;^ 

\^x^x^^m^^m4(Dm^m^^-i^mmit^n. Mn 

^^4 3 i:co#S-e«:. a^s^s^^-^^i^ 

^a^4^$:M4 t <o^^f^'^i)m:k'r^<ox:^^. 
[0 0 4 2 ] ^mmumt lth. ^^^^-tmm^i^ji 
'f'^u^xh^^x\f^i)^. (Ill) SBfRi ufc^esi^*^ 

2 0 ot:ig^*^b^^ii^-^?K#A5i^^5« ^ b 

20 <Dmn.!Wi^^it^. ^^m^i^m 4 t 3^0 

0 O e &^±<D^^f^^m^^^^ r :iis-e# 5o 
[0043] ^UT. :/n s/^:/^/^^^^. 
^^tbTV^5 F eMn-^^^ N i O^Rmm^^M 4 

^vNi^c^s^^^^-^^cDT^n -/dp v^^ms (^H-etblSO 
t:. 2 0 0t:) icifc-<, J: t)?^VNi5£o j^vn|^&«) 

[0044] ^tc. MnP t-^^&cOP t ila^ t UTfi. 
30 3 2- 5 0I^^%-Cfc5 i:;&i^ff^ UVNo r<Dj;p/^i|a 

m^^^tc^^t^^mcxm^i^^^^f^^m^x t) 

(^^4<OMnP t'a'^<73P t m^it=^JiI2^ffi(^i:'t-5 
wit?. 2 0 Ot:-C 5 0 O e eil±. 2 7 0t:-X?3 3 0O 

[ 0 0 4 5 ] fS5. 4 <0^ii:fi. 

^m.-t^umx^tiamcm^^n/£\^^t^. ^ssv^^^i^ 

40 [ 0 0 4 6 ] bT. 0 7 \Z^-f-X 7 ^K^^i*^-^^ 
Ofll^^^^^b. g-tel-htc. 2 ^rt^hbriK-fkO 

t bT?^fi£b. w(OjitcS3Smi4^^ 4 SrfilfiK'b. 

^^^i3$rj^^b. ^(75^Ff;£io?ajPT-j^^as-r5c 

-C. ^ 2 (ommi^^M 1 1 3 t <om<t<0 

^^(Ofj:i-^^{cXoxm^^W:^^^^<>^^n^^ 

50 mi^xtt. ^mi^^^ 3 d:. :^2 eD^^s^±^$^^ 1 1 
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1 1) Er^$rig5i^? ?>3^■CV^5o 

[ 0 0 4 7] z<Dx ^Ki^x^^tcm^m^^mm^x 

m <^ iSS V >i9S^S^^;^5^ ^ ^ # -6 r *5 -T? # 5 o 

1 0 0 4 8] :^m^(omnK^^Mmm^vim'r 

[ 0 0 4 9 ] cuife^i] y^mm(Dmi <ommi^^. m 
i^xv^m3^m^^xsxr\^nm'r^o :^mmm\cmy^^ 

hfi^^^^^^m<D'^>":^/i^n 1 • # 2 
# 1 • # 2 @ 1 ^£^^V^T£^T^c^-t-, 

[0 0 5 0] lf;J:. :^f^:^A=^t5/j:5^;^l 60 

JitC, T a ^S^'^/jTST^^ 2 . N i F e-^^i^^,7^5 3^ 
a<4($:^3. P t 8i^^%(DMn P t -a^^*:^ 

[0 0 5 1 ] itlSJi^ v>^/v# 1 :if9:^t^bti:^mm 

mmi^^mS^ P t COiia^;&S 4 8il^%iOMn P t 

[ 0 0 5 2 ] 2 li. S i *^t>/j::5g|^l C0_h 

(C. T aib>^f£^-rmM2. N i F e ^^t^h^S^^^m 

^^^mm^ii^m4^mmi^xj^^L.ti, 

1 0 0 5 3] it^^:^:f/\^U 2n. s i i-bJtC'SS^K 1 
[0 0 5 4 ] 1 • # 2 co^m 2^4^XX^it 

n-f-^-^^/l-n 1 • # 2 (D^m 3 • 4 fi. — 

S:^V^T4 X 10 -"'Tor r ^T^X^^^. m—M?E 

^x^mvt:ih<ox^^, ^fc, Jiia^^ 2-4(^i^j^ 

[0 0 5 5] ±tS.^m 2-^4<D:^y<^y^iki^rXSi 



Power=641 mW/ cm ^ ^ OJ^felK^ft^-eB^f 

^m\CX^ ArJE:5mTorr, Power: 
13 0 mW/ cm ^ , S^/^-T T = + 5 0 V(D^m^ 
i^xm^S^^^^l^fc, 

[ 0 0 5 6 ] ±m<OJ: 5 TtctJ-vr/vff 1 • # 2 . Jt«^i?- 
1 • # 2 tc, 3 0 0 O e i^«E#$r^;&D L;:C355 

fe. ^^^•-c2 7 0" c^o^i.^T•f^^a$^^TV^. m^m 

10 XHtil^ (XRD) t ^rfro^co 1 • # 

2<Dm<tm^<D'f-'$'^m2 (a) • (c) IC, ^ft. 
XRD(D1^^^^3 (a) • (c) (C^-To ^^t. Ifc^ 

i?- v:r>'v# 1 . # 2 o^^^ey^cDv^— 2 (b) • 

(d) ^tL^ XRTXDmM^mS (b) • (d) \C 

1 ■ # 2 . it^-f-l^y/UU 1 ■ # 2 cD^^ii^'^a^ 

[0057] m2 (a) - (c) K:^r<t 9 td. i?" V:?^ 
1 . # 2^o J:u^ifc$^■^^v://v# i t-«:. ^^3f^-^tc 

#JCT a <OT^M 2 1 • # 2 -T?^U< 

^mi±^^mcfs:r) . m^ttm^vxi^^^:! t^^vx^^^ 

[ 0 0 5 8 ] 03 (a) • (b) - (d) KM.^ 

fb^^^^c. 1 . # 2*5j:uJifc®f-tf->'>^/v# 

2 -CJi. N j F e -a-^cD (111) t' — :?^ 36S^tT/-Cdo 
30 t) . ^S^+i^^3tt (1 1 1) E^pIUTV^:5;l 

5o ifc$i*^::/>^/i-# 1 -Cfi. S3 (b) (c^-rj; 

Mn P t ^^eo^\,^ (111) 
co:^-e. N i F e -^^(O (111) if—^tXM.hth-r. 

^m^i^^msn (i i d garRIb-cv^f^v^r 

, _S.o -biatDji^:^Sr^.l K:.^ i _ 

[ 0 0 5 9 ] 
[^1 ] 









(Oe) 


NLFe-^ (1 1 I) 
t-i^^ (IPS) 


^y^)vn 1 




Ta 


3 4 0 


2 0 0 


tm^>^Ji^# 1 






8 2 


0 




S i 


Ta 


2 0 0 


1 2 0 




S i 




0 


1 0 0 



[0 0 6 0] ±t^(of^MJ: y) . i^ v>^/v# i • ff 2 -c 
fi, ^mi^i^msit^ (111) Erfii UTv^-5^o.-e, 



50 



<4«^^30 (1 1 1) ffiFRIA5/j:v^yt^>^>i%x.^^^-So 
[0 0 6 1 ] — «:®i^V>^/u# 2 3 
(1 1 1) ffirRlUTVN5tct)3i^i^i:>t>-f . ^^OflSfb* 
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I 0 0 6 2 ] ^oT. TmM 2 hi, N i F e -^^A^P^^tt 
^^^-l^^f^^ 3 (111) iCiarRj^^, S i 

[ 0 0 6 3 ] t) . -^Vv^/WS 1 • # 2 O J; p tc, 

[0 0 6 4] Cll:fe^?if2) 5*^^?gi0^2(0||Jfe|?3^. m 

^^W.l±\^. T^^ 2 t UTT a ^ 2 0 0 A> 
^^^^3 t UTN i F e-g-^Sr 1 0 0 Ax 4 
UTMn P t -^^Sr 2 0 0 A^^U:/tti<0-r&5o r 
r-e. 4-efe5Mii P t -a-^OP t msgli: 

W:. 3 2 — 5 0J]^^%<O®a-C®>«rtC^<t;^-^TV^a, 

-So 

(0 0 6 5 J ^fhh^^^n^mc^ K^'^^^c^3v^Tv 

3 0 0 O e 2 0 0^, 2 3 0*C. 2 5 0^;, 

2 7 0 1 2^fig?^^SU. ^i^)3^^ 

[ 0 0 6 6 ]^ 4 tc^i- J; p tc. Sg^a^^il^M 4 CO P t 
mfi£lfc;654 5-4 8i^^%c03^^ji^'a'i^TMi. ^mMU 

2 0 Ot:i: tt:«l£6«)<£?a-C&oT t), FeMn-^^O 

ot:<ot)(OTtt. 3^1 70 — 20006 tv^7^^^-^ 

[0 0 6 7 ]^^, 2 5 0*CEl±cOJ^^S-X?H:. 
^^(1^^ 4 O P t m^itf)^ 3 2 — 5 0 i^^%okvNia^^ 
m-v^j^i^^m^i^^hin. 4 5 — 4 8Jg:^%to 

10 0 6 8] Clim€?i(3] :*:^9g<D^3iO||j^M$:. m 

aS^lifC. 2 i: U-CT a Sr 2 0 0 A. 

3 t UTN i F e-^^^ 1 0 OA. S^flBtt^^f:® 4 

i: uxMn p t 1 0 0 0 kmM bytfiiit-eab-s, 

Cl CIT. BL^m^ii^^m 4-efo'5MnP t ^^<D P t SSjig 
ittt. 3 2 — 5 0iS^%O®a-CS* tC^<e:$-frTV^ 
5o Jiiii. 2 — 4<^fi£|g^#tt, 1 irf^^T? 

10 0 6 9 ] r fuibco3^^i(^<^iKJc:, ^S4'tci3V>T. 

3 0 0 O e iOSS#if3-C2 0 ox:. 2 3 0t:. 2 5 0*C. 
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2 7 O^ComST-^n^^Xl 2^f?9i^5aSL. ^'<D^^ 

[0 0 7 0] rtvt>(05^^i^'^fig-ew;. =^^i^'^m#(D 

P t ^^ifcfe^1^i5^^lciSciStc;^ t) . 4 sm^%i5:m 

3^^^-^]© J: I? tj. ^^t^^m^f^^^ <t^^F t 

<b P t 4 8i^^%-C<:oiitri:^^ < , #(ci£M03^^a 

S ^3 V ^ T t> iiS V ^ ^ iS^ fiSE # ^ ^ b T V ^ 6 o 

10 [ 0 0 7 1 ] etJito^pjc, 4cD^^p:^^ 

So 

[0 0 7 2] [^JfeM4 3 ^^^9lcom4 (D^jfe^^Sr. ^ 

T a $: 2 0 0 A. 5fe?Ki±^f^^ 3 bXN i F e -^^^1: 1 
0 0 A, ^^m^Wm 4 t UT P t ifea^it;65 4 8 %OM 
20 n P t ^^Sr 1 0 0 0 A^^UfcWifrfeSo T^ria, ^ 

[ 0 0 7 3 ] ;i<^^^]^^]^ic. ^S^itcr. 3 0 0O 
e <o^^mm^x2 7 0 t:<D?a^-e?^^a3® b. 350** 

(0#S^ia^^fe#<4$ria!l;£b^Co ^coi^^^SrS 6 tc:^ 
-To 

[ 0 0 7 4 1 35^j^^a#ri. 1 3 ox:^-c±i5Pb 2 0 
30 o^s^^^^-a-j^oT/n ^y^'i>^ifm.^rt 3 5 o'c-cabSo 

[ 0 0 7 5 ] ^5l5d^^#^^*X-CVN5 F eMn-a-^^N 

^en^tt 1 5 0 1:. 2 o o*c-c$>5r t 

' [ 0 0~7~6 1 75rJoT r (02?^^''a'J^<^^^«Sii#:^~4 <b 
P t iOJS^it$:3 2 — 5 Q^l-%<0^mx^ ^it. 

m<om,&^ 2 0 o*c— 2 7 o'Ceo^sffl-e^^tr^^k^-^ 

;655||S$tL:t, ^^ai^fc^*:^ 4 co^^^ 2 0 0 A 

[ 0 0 7 7 ] CllJfe^?? 5) 2j^^ig<om5 OHJBSMSrS 7 

4 7]i^^P%OMn P t ^^t^t^^^^ 

[0 0 7 8 1 ::i(om^^^^Mm^n^ m7\z:^-f-xz> 

50 JC. y^m^lJi^^. 5 0 A(OT a t^^fJi^TmM 
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2. lOOAONiFe '^^t^h^::^^ 2 (Om^m^^M 

11. 2 0 K(r>cui)^h^£^^mt^m.^mi 2^ loo 

(Om.^^ii^A 7% CO 2 0 0 AcOMnP t ^ ^i)^ h ta ^ 
mm^^^^MA^ 2 Q Q KCOT siii^i^tj::b^mm \ ^<Dm 
tc:a#1^-T?^K«rftoyc:^jt-C$>5o J^^^. 3 0 0 O 

e <om^^^m\^^^i}^ h . ^^^\^x. 2 5 0 t:-e i 2 
[0 0 7 9 ] z.<o^^\^\^xmhfhtLmn.^^^^^=f' 

[0 0 8 0] ei±£oj;5tc. y>^^m<D^Wi^^^^m^^ 

[0 0 8 1 ] 

^'j^S t^tc:. _bia^flai4^^i5 f c c^Slatl? (Ill) 
[0 0 8 2] 

^^<oyinm.^km,m^^m:(On,=^ii^^<,ti:^ ^ 2 0Oe 

[0 0 8 3 J ^z::. m^^2 ^^^(D^w^^mYx. m 

Mn P t -a^^CDP t m^i^ 3 2-5 0M^%-efc-5^^ 
[0 0 8 4] CltLtCj;?). ^^^^tC^^h.XVN5 F e 

10 0 8 5 ] -^^s ft^^3tcfa^co^^^'^^cO©3g 

;&ifefi. f c c#l3t^i: 5^a^£*^j^$r (1 1 1) ifir^ 

$ titer to JijCMn P t^^;6^ 

[0 0 8 6 ] mjcj:t). ^^f^^Kii^ii^^BL^m^^ 
KOMnI^^i:^a^^iKOi^^36S^< /j: D , 2 0Oe 

[ 0 0 8 7 1 ^tL. t^^mA \z^m<o^^i^'^m(owi^ 

IsmrX, Si^^3(cfa®Ofi|^JCJDxT, f c cfiligSr 

t^^m^^m^ (111) srfii^^T^iK-r-seatc, 
^^?a£^^*:K<D (1 1 1) :^t^^<Dmr^^t:i!Si^^Tm 
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[ 0 0 8 8 1 wixjc J; 9 . f c c ^3t$:lto3^®E<4«:Sg 

toiBfpi^: (111) EfRjic-t^^s t^^. m^n<om 
[0 0 8 9 ] ^fc, ffjft^s \^m^<om.^n^^^m^ 

(i. ft^^lXf* 2lC|B^<0 3?^i^'a'K]^V>«:ff^]g3 
4 12 ^ O 1^ O ^ ag^^ife J; o T $ii it $ 

[0 0 9 0] $st5tx@tcfcMt -5;0n^^?^^ 

[®®©m^/d:^§gj 

[0 2] (a)(c) n^^y/vU 1 • # 2 03^^3i^-^^ 

<oe£{kft«i$:^-r0-efe »3 . (b)(d) mt^'^i^':^/^ 

[0 3] ( a) (c ) f3:i^^'r/^# 1 • # 2 t^^^^i^-a^i^ 
30 cOXig|lHl^Oi^^i|r^-t-^Tfc»? . (b)(d) ifct^ 

1 . # 2 (o^^i^^m<oxmmm(om^^^ 
[04 3 ;^^2 0 0 A(D^^m^i$im^m\f^tLis^mm't 

[0 5] ^mi 0 0 0 A<oR^mi^<$:m^m^^it^^i^ 

[0 7] ±w.^m:i^^m^m^^t:im^mi^^^^m^(om 
^mxh^. 

1 s« 

2 (TiSlK) 

4 (S^iaaEteft^lK) 

1 1 m2<D^m^i!^m im 2 <o^mi^<^ss^) 
1 2 ^m^m^M 
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